Improvement of power production in a microbial fuel cell (MFC) with a high cell density culture strategy was developed. By using high cell density culture, the voltage output and power density output of the MFC were enhanced about 0.6 and 1.6 times compared to the control, respectively.
INTRODUCTION
Microbial electrochemical systems (MES) are considered to be a promising platform for future sustainable energy and chemical production (Logan & Rabaey ; ElMekawy et al. ; Li et al. ) . In particularly, microbial fuel cells (MFCs), one of the most extensively studied MES, gained much attention as it integrated wastewater treatment with bioenergy production by harnessing electricity from organic pollutants (Logan ) . Extracellular electron transfer (EET) of electrogens is a unique bioelectrocatalysis process in MES, which relates to the electron transportation from the bacteria to the electrode (Lovley ; Logan ) . During the past decades, two main EET pathways have been explored, i.e., direct contact based EET with the aid of bacterial outer membrane redox proteins or conductive nanowires, and indirect EET by means of redox chemical molecules (termed as electron shuttle) secreted by electrogens (Logan ) . Undoubtedly, EET directly determined the performance of MES. However, low power output due to low EET efficiency between bacteria and the electrode became the bottleneck of the MFC technology.
Therefore, many efforts have been made to improve the MFC power production, e.g., genetic engineering , the electron shuttle production of Pseudomonas aeruginosa was significantly improved, and thus the electron shuttle mediated EET as well as MFC performance were enhanced. These findings highlighted that enhancement of the electron shuttle production would be an efficient way to improve EET and MFC performance.
High cell density culture is an efficient strategy used for high production of secondary metabolites from cells (Hu et al. ; Liu et al. ) . Interestingly, secondary metabolites with redox activity which are secreted by electrogens were often found to be used as electron shuttle for EET (Marsili et al. ; Yong et al. ) . In particular, Shewanella oneidensis MR-1, one of the most extensive studied model electrogens, usually employed riboflavin (a typical secondary metabolite) as its electron shuttle for EET in MFC or other MES systems (Marsili et al. ) . Thus, it is speculated that high cell density culture strategy could be applied in MES.
In this work, the effect of cell density on MFC performance was determined and a high cell density culture strategy was developed to enhance bacterial EET and improve MFC power output. Strikingly, by simply increasing the cell density, the MFC power output could be enhanced about 1.6 times, while the charge transfer resistance decreased by about 70%. Further analysis indicated that dramatically increased riboflavin accumulation resulting from high cell density culture underlies the enhancement on power production. These results suggest that high cell density culture would be a practical way to improve the performance of an MFC.
MATERIALS AND METHODS

Bacteria and culture conditions
Shewanella oneidensis MR-1 was grown in LB broth (peptone 10 g/L, yeast extract 5 g/L, NaCl 5 g/L, pH 7.0). A 200 µL bacteria culture was inoculated in 50 mL fresh LB medium in a 250 mL flask and then cultured at 30 W C with shaking (200 rpm). Cells were harvested by centrifugation when the cell density reached an optical density (OD) of about 6.0 (about 16-18 h) (cell concentration per OD is 597 ± 30 mg dry cell weight/(L·OD) or 9.34 ± 0.68 × 10 8 CFU/(mL·OD)). Then the cell pellets were re-suspended with the anolyte (5% LB medium and 95% M9 minimal medium) at the desired cell density. Lactate (18 mM) was used as the sole electron donor in the anode chamber. The cell suspensions were transferred into the MFC anode chamber, and operated at anaerobic condition.
Dual-chamber MFC setup and operation
Dual-chamber MFCs (35 mL for each chamber) separated with nafion 117 membrane were used in this work. Carbon cloth was used for anode (1 cm × 2 cm) and cathode (2 cm × 3.5 cm). The catholyte was composed of 50 mM K 3 [Fe(CN) 6 ] and KCl solution. Cell suspension fueled with lactate (18 mM) was used as the anodic electrolyte. A 2 kΩ resistor was connected into the exterior circuit of MFCs for voltage output measurement and the voltage was recorded by a digital multimeter. The anode biofilm was observed with scanning electron microscopy (SEM) after pretreatment according to previously reported methods (Yong et al. a) .
Electrochemical analysis
For cyclic voltammetry (CV) measurements, a three-electrode system was used. The anode, platinum wire electrode and saturated calomel electrode (SCE) were used as working electrode, counter and reference electrode, respectively. All electrochemical measurements were carried out with CHI660E electrochemical workstation or CHI1000B potentiostat (Chenhua Instruments Co., Ltd, Shanghai, China). The power density and polarization curves were determined by varying the external resistor loads as described elsewhere (Qiao et al. ) .
Riboflavin analysis by high performance liquid chromatography
Riboflavin concentration was determined by high performance liquid chromatography (HPLC) (Shimadzu, Japan) equipped with a C18 column (250 mm × 4.6 mm i.d., 5 μm) and a UV detector ( 
RESULTS AND DISCUSSION
Enhanced power output in MFC by high cell density culture
Although higher cell density means more cells for electricity generation, more cells also need more carbon and energy sources for cell maintenance, which might be detrimental to power production. Therefore, there should be a trade-off between cell maintenance and power production, and an optimized cell density for power production could be expected.
In order to test the feasibility to improve the MFC performance via cell density manipulation, the effect of cell density on power production in Shewanella oneidensis MR-1 was determined. As listed in Table 1 , upon cell inoculation, the output voltage of the MFCs increased steadily and reached its peak value with a similar trend regardless of cell density. However, the maximum voltage output of the MFCs with different cell density largely varied, i.e., the voltage output of the MFC at OD600 ¼ 3 was 158 ± 6 mV, while it was 204 ± 10 mV and 249 ± 4 mV for the MFC at OD600 ¼ 10 and OD600 ¼ 24, respectively. As expected, MFC output increased significantly along with the increased cell density and reached the maximal output at OD600 ¼ 24, and then the output decreased when higher cell density (OD600 ¼ 31) was applied. In particularly, the highest voltage output delivered was 249 ± 4 mV for the MFC at a relatively high cell density (OD600 ¼ 24), which was ∼1.58 times of that (158 ± 6 mV) delivered by the MFC with normal cell density culture (OD600 ¼ 3). To determine the power output, various resistances (100-10 kΩ) were used as external loads, and the polarization curve and power density output curve were plotted. The maximally attainable power density achieved by the MFC at high cell density (OD600 ¼ 24) was 173 ± 1 mW/m 2 , which is about 2.6 times of that obtained from the MFC at low cell density (67 ± 1 mW/m 2 ) (Table 1) . Thus, the cell density of OD600 ¼ 24 was selected as the optimal density for power production in the MFC.
In addition, the charge transfer resistance, which can reflect the EET efficiency of the MFC, was estimated from the polarization curve. As estimated from the polarization curves, the charge transfer resistance for the MFC at high cell density is about 3.2 kΩ, while it was about 9.8 kΩ for the MFC at low cell density (Table 1) . Smaller charge transfer resistance indicates faster electron transfer. Thus, the result demonstrated that a faster electron transfer was obtained at high cell density as compared to the low cell density condition.
Interestingly, it was found that cell physiology significantly affected the EET of another model exoelectrogen of Geobacter sulfurreducens (Marsili et al. ; Matsuda et al. ) . Anodic potential and cell density dependences of EET of G. sulfurreducens were observed (Matsuda et al. ) . Although different effects were observed under different experimental conditions, these findings, demonstrated that cell density dramatically affected the current output of G. sulfurreducens, which is in agreement with our observation in S. oneidensis. These findings, including the results shown in this study, highlighted that cell density is an important parameter for EET and current production by exoelectrogens. Moreover, the study here demonstrated that there is an optimized cell density for maximum current output, which implied that cell density should be controlled when MFCs are applied for wastewater treatment.
Mechanism for MFC performance improvement by high cell density culture
Next, CV was carried out to characterize the EET process between bacteria and the electrode, and to explore the mechanism underlying the improved MFC performance by high cell density culture. As shown in Figure 1(a) , the CV profiles presented a pronounced redox wave with a mid-point potential at about À0.4 V (vs SCE). More impressively, obvious catalytic currents were observed in these CV curves, indicating the involvement of this redox component in the EET of Shewanella oneidensis MR-1 inoculated MFC. The catalytic current, which was calculated by subtracting the current densities between two points where the slope in the anodic curve was enormously changed, was about 40 μA for high cell density MFC ( j 2 ), while it was only 13 μA for low cell density ( j 1 ) (Figure 1(a) ). The increased catalytic current by high cell density culture is in good agreement with the aforementioned observation of decrease in charge transfer resistance, which demonstrated that high cell density culture enhanced the EET of the MFC, which contributed to the improvement in power output of the MFC.
As S. oneidensis MR-1 usually employed riboflavin with a mid-point potential at approximately À0.4 V (vs SCE) as the electron shuttle for EET, the redox wave centered at approximately À0.4 V shown here could be assigned to riboflavin (Baron et al. ) . Then, the concentrations of riboflavin in the MFCs were determined by HPLC analysis. As observed in the HPLC profiles, a distinct HPLC peak corresponding to riboflavin could be found (Figure 1(b) ), indicating the presence of riboflavin in the MFC. In accordance with the CV results, riboflavin produced by high cell density culture was much higher than that produced by low cell density culture in MFCs, i.e., 1.2 ± 0.1 mg/L for high cell density vs 0.1 ± 0.0 mg/L for low cell density culture (Figure 1(c) ). Yong et al. b) . After MFC discharge, the anode (carbon cloth) was collected and observed by SEM. As shown in Figure 2 , more cells were attached on the carbon fiber of the MFC anode for high cell density culture as compared to the low cell density control. This was in agreement with the observation that electrode attachment by electrogens was significantly increased with higher initial cell density (Marsili et al. ; Matsuda et al. ) . The result indicated that high cell density culture promoted bacteria attachment on the MFC anode, and partially contributed to EET improvement as well as the MFC performance enhancement.
CONCLUSION
The effect of high cell density on MFC performance was determined and an optimized cell density to maximum MFC power production was obtained. Further analysis indicated that this improvement might be due to the dramatic increase of riboflavin accumulation and enhancement of biofilm formation. The results highlighted that cell density manipulation would be a practical way to improve the MFC performance, and implied that cell density was an important parameter that needs optimization during wastewater treatment with MFCs.
